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ABSTRACT
The hot intracluster plasma in clusters of galaxies is weakly magnetized. Mergers between clus-
ters produce gas compression and motions which can increase the magnetic field strength. In this
work, we perform high-resolution non-radiative magnetohydrodynamics simulations of binary galaxy
cluster mergers with magnetic fields, to examine the effects of these motions on the magnetic field
configuration and strength, as well as the effect of the field on the gas itself. Our simulations sample a
parameter space of initial mass ratios and impact parameters. During the first core passage of mergers,
the magnetic energy increases via gas compression. After this, shear flows produce temporary, Mpc-
scale, strong-field “filament” structures. Lastly, magnetic fields grow stronger by turbulence. Field
amplification is most effective for low mass ratio mergers, but mergers with a large impact parameter
can increase the magnetic energy more via shearing motions. The amplification of the magnetic field
is most effective in between the first two core passages of each cluster merger. After the second core
passage, the magnetic energy in this region gradually decreases. In general, the transfer of energy
from gas motions to the magnetic field is not significant enough to have a substantial effect on gas
mixing and the subsequent increase in entropy which occurs in cluster cores as a result. In the absence
of radiative cooling, this results in an overall decrease of the magnetic field strength in cluster cores.
In these regions, the final magnetic field is isotropic, while it can be significantly tangential at larger
radii.
1. INTRODUCTION
The largest gravitationally bounded objects in our uni-
verse are galaxy clusters. Most of the mass in galaxy
clusters is comprised of dark matter (DM), which is be-
lieved to be largely collisionless (Zwicky 1937; Bahcall &
Sarazin 1977). Most of the baryonic material in galaxy
clusters is comprised of a hot diffuse plasma called the in-
tracluster medium (hereafter ICM; Sarazin 1988), which
emits in X-rays. The last and smallest component of
mass is that of the galaxies themselves, which have an
effect on the cluster as a whole via feedback from stars
and active galactic nuclei (AGN). Galaxy clusters allow
us to study the interplay of these different forms of mat-
ter in a gravitationally bound system close to cosmolog-
ical length scales.
There is strong observational evidence that the ICM
is weakly magnetized (Carilli & Taylor 2002; Ferrari et
al. 2008; Feretti et al. 2012). Synchrotron radio emission
has been observed from sources such as radio halos and
radio relics (Feretti et al. 2001; Govoni et al. 2001; Burns
et al. 1992; Bacchi et al. 2003; Venturi et al. 2007; Gitti
et al. 2007; Govoni et al. 2009; Giacintucci et al. 2011).
Furthermore, Faraday rotation of polarized emission can
be measured for galaxy clusters in radio. Rotation mea-
sure (RM) studies place magnetic field strengths in clus-
ters on the order of 0.1-10 µG, going up to tens of µG in
cluster cool cores (Perley & Taylor 1991; Taylor & Perley
1993; Feretti et al. 1995, 1999; Taylor et al. 2002, 2006,
2007; Bonafede et al. 2010). Such field strengths imply
that the magnetic field itself is dynamically weak; this
is typically parameterized using the plasma parameter
β = pth/pB ∼ 100−1000, where pth and pB are the ther-
mal and magnetic pressures, respectively. RM maps have
been developed for some clusters, from which it appears
that the coherence length of cluster magnetic fields is on
the order of 10 kpc or less. Studies have also used RM
maps to infer the cluster magnetic field power spectrum,
which indicate that the magnetic field power spectrum
is similar to a Kolmogorov type (PB(k) ∝ k−5/3, where
k is the wavenumber), depending on the assumed value
for the coherence length of the field fluctuations (Vogt
& Enßlin 2003, 2005; Murgia et al. 2004; Govoni et al.
2006, 2009; Guidetti et al. 2008). Despite the dynam-
ical weakness of this field, it has important effects on
the microphysical properties of the cluster plasma. The
Larmor radii of electrons and ions (ρL ∼ npc) are many
orders of magnitude smaller than their mean free paths
(λmfp ∼ kpc), with the result that momentum and heat
fluxes from the dissipative processes of viscosity and ther-
mal conduction are highly anisotropic (Braginskii 1965;
Narayan & Medvedev 2001; Roberg-Clark et al. 2016).
Finally, cosmic-ray electrons radiate in the radio band
via synchrotron emission in radio relics, radio halos, and
radio mini-halos (Brunetti & Jones 2014).
Merging between galaxy clusters is responsible for
forming new clusters and changing the state of both bary-
onic and dark matter within clusters. As many observed
galaxy clusters show evidence of current or recent merg-
ing, it is important to understand the internal physics
and observable properties of cluster mergers. Mergers
compress the gas and generate shocks, cold fronts, and
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2turbulent motions in the ICM. Because the magnetic
field is effectively “frozen-in” the plasma, this compres-
sion and gas motions amplify and/or stretch magnetic
field lines and increase the energy in the magnetic field.
A number of recent studies have used magnetohydrody-
namic (MHD) simulations in the cosmological context
to investigate the mechanisms and efficiency by which
gas compression, bulk flows, and turbulent gas motion
can amplify magnetic fields in clusters (e.g. Dolag et al.
1999, 2002, 2005; Xu et al. 2009, 2010, 2011; Vazza et al.
2014; Marinacci et al. 2015; Egan et al. 2016; Vazza et
al. 2018; Domı´nguez-Ferna´ndez et al. 2019). For an ex-
tensive review of processes which amplify the magnetic
field in clusters, see also Donnert et al. (2018).
Such magnetic field amplification may have important
observable effects. It is well-known that magnetic fields
stretched parallel to cold fronts by shear flows can stabi-
lize them against Kelvin-Helmholtz instabilities (ZuHone
et al. 2011, hereafter ZML11) and at least partially sup-
press thermal conduction across them (ZuHone et al.
2013a, 2015). If the magnetic field strength is increased
enough, it may produce a “plasma depletion layer” with
a high magnetic field and low gas density and X-ray emis-
sivity (ZML11). Evidence for such layers has been tena-
tively observed in a few clusters, including Virgo (Werner
et al. 2016), A520 (Wang et al. 2016), and A2142 (Wang
& Markevitch 2018). The regions of amplified magnetic
field also coincide with the same regions of increased tur-
bulence, enhancing radio halo and radio mini-halo emis-
sion (Donnert et al. 2013; ZuHone et al. 2013b; Marinacci
et al. 2018).
It is also possible that an increased magnetic field can
suppress gas mixing. During a cluster merger, the gas
from the two clusters mixes. For “cool-core” clusters
(characterized by temperature inversions, high gas den-
sities, and low central entropies and cooling times), such
mixing can increase the entropy of the core gas substan-
tially (Mitchell et al. 2009; ZuHone 2011, hereafter Z11).
If the magnetic pressure and tension are comparable to
turbulent gas motions, they could resist this mixing and
prevent this increase of the entropy of the gas (ZML11).
In this work, we analyze MHD simulations of a param-
eter space of idealized binary cluster mergers with mag-
netic fields, and examine the properties of the gas and
magnetic fields throughout the merger. In particular, we
seek to determine the effect of various merger scenar-
ios on the structure and strength of the magnetic field,
and also determine its effects on the hot plasma. These
simulations are complementary to cosmological simula-
tions, since these controlled setups allow for a finer de-
gree of control over cluster conditions. The simulations
we use span a range of mass ratios and impact param-
eters. Though a number of past studies have included
the effect of magnetic fields on idealized mergers or clus-
ter substructure simulations (e.g. Roettiger et al. 1999;
Asai et al. 2004; Takizawa 2008; Donnert et al. 2013;
Suzuki et al. 2013; Lage, & Farrar 2014; Vijayaraghavan
& Sarazin 2017a; Vijayaraghavan & Ricker 2017), ours
includes the most expansive study of different merger sce-
narios to date. We will also compare these simulations to
the otherwise identical “unmagnetized” simulations from
Z11, which do not contain magnetic fields.
This paper is organized as follows: In Section 2, we
describe the methods, including the relevant physics, the
simulation code, and the initial conditions. In Section
3, we present our results. In Section 4, we summarize
these results and their implications for physics within
the cores of galaxy cluster mergers. We assume a ΛCDM
cosmology with h = 0.7, Ωm = 0.3, and ΩΛ = 0.7.
2. METHODS
2.1. Physics
Our simulations solve the ideal MHD equations. Writ-
ten in conservation form in Gaussian units, they are:
∂ρg
∂t
+∇ · (ρgv) = 0 (1)
∂(ρgv)
∂t
+∇ ·
(
ρgvv − BB
4pi
)
+∇p = ρgg (2)
∂E
∂t
+∇ ·
[
v(E + p)− B(v ·B)
4pi
]
= ρgg · v (3)
∂B
∂t
+∇ · (vB−Bv) = 0, (4)
where ρg is the gas density, v is the gas velocity, and
B is the magnetic field strength. The total energy E,
total pressure p, and gravitational acceleration g have
the usual definitions:
p = pth +
B2
8pi
(5)
E =
1
2
ρv2 + +
B2
8pi
(6)
g = −∇φ (7)
∇2φ = 4piG(ρg + ρDM) (8)
where  is the gas internal energy per unit volume, and
φ is the gravitational potential. We assume an ideal gas
equation of state with γ = 5/3.
2.2. Simulation Code
We performed our simulations using FLASH, a paral-
lel hydrodynamics/N-body astrophysical simulation code
developed at the Center for Astrophysical Thermonu-
clear Flashes at the University of Chicago (Fryxell et
al. 2000; Dubey et al. 2009). FLASH employs adaptive
mesh refinement (AMR), a method of partitioning a grid
throughout the simulation box such that higher resolu-
tions (smaller cell sizes) are only used where needed, such
as in the cores of clusters and at the gas discontinuities
formed in cluster mergers such as shocks and cold fronts.
FLASH solves the equations of magnetohydrodynam-
ics using a directionally unsplit staggered mesh algorithm
(USM; Lee & Deane 2009). The USM algorithm used in
FLASH is based on a finite-volume, high-order Godunov
scheme combined with a constrained transport method
(CT), which guarantees that the evolved magnetic field
satisfies the divergence-free condition (Evans & Hawley
1988). In our simulations, the order of the USM al-
gorithm corresponds to the Piecewise-Parabolic Method
(PPM) of Colella & Woodward (1984), which is ideally
suited for capturing shocks and contact discontinuties
(such as the cold fronts that appear in our simulations).
FLASH also includes an N -body module which uses the
3particle-mesh method to solve for the forces on gravitat-
ing particles. The gravitational potential is computed
using a multigrid solver included with FLASH (Ricker
2008).
2.3. Initial Conditions
We carry out 9 simulations of idealized binary merg-
ers of two spherically symmetric clusters in hydrostatic
and virial equilibrium. Our initial galaxy clusters are
initialized in the same way as in Z11, choosing initial
conditions based on cosmological simulations and cluster
observations, with the only difference that we now ini-
tialize the clusters with magnetic fields included. Since
the simulations are otherwise identical to this previous
set, we can compare each magnetized simulation to its
corresponding unmagnetized version.
These simulations have mass ratios M1/M2 of 1, 3, and
10, in which the primary cluster has an initial mass of
M200 = 6× 1014 M. From the mass, the rest of the pa-
rameters for each cluster can be derived using the scaling
relations determined by Vikhlinin et al. (2009a). In Ta-
ble 1, we list these parameters for each cluster, including
some which are derived below.
In the rest of this section, we will describe the setup
of our simulations, following closely the discussion from
Z11.
2.3.1. Gas and Dark Matter
For the total mass distribution, we use the Navarro-
Frenk-White (NFW) density profile (Navarro et al.
1997):
ρtot(r) =
ρs
r/rs (1 + r/rs)
2 , (9)
with
rs = r200/c200, (10)
ρs =
200
3
c3200ρcrit
[
log (1 + r/rs)− r/rs
1 + r/rs
]−1
. (11)
We carry the NFW profile out to the virial radius
r = r200, the radius at which the average density is 200
times the critical density of the universe ρcrit. Then, for
r > r200, we employ an exponentially decreasing density
prescription:
ρtot(r) =
ρs
c200(1 + c200)2
(
r
r200
)κ
exp
(
−r − r200
0.1r200
)
,
(12)
where κ is a constant such that ρtot and its first derivative
are continuous at the boundary r = r200. We employ this
exponential cutoff, since the NFW mass profile does not
converge as r goes to infinity.
We take the gas to be in hydrostatic equilibrium in the
DM-dominated potential well. A key observable quantity
for the ICM is the gas entropy, defined as S = kBTn
−2/3
e ,
where kBT is the gas temperature in keV and ne is the
electron number density. The entropy profiles of galaxy
clusters can be well-modeled by a “baseline” power-law
profile combined with a constant floor value to represent
the entropy of the core (Voit et al. 2005; Cavagnolo et al.
2009), which can be written as:
S(r) = S0 + S1
(
r
0.1r200
)α
(13)
where S0 is the core entropy and α ∼ 1.0 − 1.3. We
start off with small core entropies S0 and set α = 1.1 in
order to make our initial models consistent with relaxed,
“cool-core” galaxy clusters.
Using the above definition of entropy, we can take the
equation of hydrostatic equilibrium and derive an equiv-
alent expression in terms of the gas entropy and temper-
ature:
dP
dr
=−ρg dφ
dr
(14)
kB
µmp
d(ρgT )
dr
=−ρg dφ
dr
(15)
kB
µmp
d
dr
[
T
(
T
S
)3/2]
=−
(
T
S
)3/2
dφ
dr
(16)
We solve this equation using standard numerical inte-
gration methods and by imposing two conditions: the gas
mass fraction fg,500 = Mg(r500)/Mtot(r500) (see Table 1)
using the scaling relation from Vikhlinin et al. (2009a)
and setting T (r200) =
1
2T200, where
kBT200 ≡ GM200µmp
2r200
(17)
is the “virial temperature” of the cluster (Poole et al.
2006). From the temperature and entropy, we determine
the gas density profile. The DM density profile is then
given by
ρDM(r) = ρtot(r)− ρg(r). (18)
After determining the initial radial profiles, we set up
the distribution of positions and velocities for the DM
particles, following the procedure outlined in Kazantzidis
et al. (2004). For the positions, we uniformly sample a
random deviate u ∈ [0, 1], and we invert the function
u = MDM(r)/MDM(rcut) to calculate the radius of each
particle from the center of the DM halo, where rcut is
the radius of the halo at which the gas density reaches
the mean gas density of the universe, which we take to
be the boundary of the halo, and is typically a few r200.
We choose to directly calculate the velocity distribution
using the energy distribution function (Eddington 1916):
F = 1√
8pi2
[∫ E
0
d2ρ
dψ2
dψ√E − ψ +
1√E
(
dρ
dψ
)
ψ=0
]
, (19)
where ψ = −φ is the relative potential and E = ψ − 12v2
is the relative energy of the particle. Particle speeds
are determined using this distribution function using the
acceptance-rejection method. With the particle radii and
speeds determined, we find the position and velocity vec-
tors by choosing random unit vectors isotropically dis-
tributed in R3. The number of DM particles we use for
each cluster is shown in Table 1.
2.3.2. Magnetic Fields
The magnetic field of the cluster is set up after the
manner of ZML11. This procedure is designed to pro-
duced a tangled magnetic field with a magnetic pressure
roughly proportional to the thermal pressure, satisfying
the condition ∇ · B = 0. A Gaussian random magnetic
4TABLE 1
Initial Cluster Parameters
Cluster M200 (M)a r200 (kpc)b c200c fg,500d TX (keV)e S0 (keV cm2)f S1 (keV cm2)g Nph
C1 6× 1014 1552.25 4.5 0.1056 4.97 9.62 192.40 5,000,000
C2 2× 1014 1076.27 4.7 0.0879 2.42 5.08 101.60 1,684,119
C3 6× 1013 720.49 5.1 0.0686 1.10 2.73 54.60 513,137
aVirial mass; bVirial radius; cConcentration parameter; dGas mass fraction; eX-ray temperature; fCore entropy; gScale entropy;
hNumber of DM particles
TABLE 2
Initial Merger Parameters
Simulation M1/M2 b/r200
MS1, S1 1 0
MS2, S2 1 0.3
MS3, S3 1 0.6
MS4, S4 3 0
MS5, S5 3 0.3
MS6, S6 3 0.6
MS7, S7 10 0
MS8, S8 10 0.3
MS9, S9 10 0.6
field B˜(k) is set up in k-space on a uniform grid using in-
dependent normal random deviates for the real and imag-
inary components of the field. We adopt a dependence
of the magnetic field amplitude B(k) on the wavenum-
ber |k| similar to (but not the same as) Ruszkowski et
al. (2007) and Ruszkowski & Oh (2010):
B(k) ∝ k−11/6exp[−(k/k0)2]exp[−(k1/k)2] (20)
which corresponds to a Kolmogorov power spectrum with
exponential cutoffs at scales of k0 and k1. The cutoff at
high wavenumber k0 = 2pi/λ0 is set to λ0 = 1 kpc, though
the finest cell size of ∆x ≈ 7 kpc effectively sets the small-
est scale. The cutoff at low wavenumber (large length
scale) k1 = 2pi/λ1 corresponds to λ1 ≈ 500 kpc. This
field is then Fourier transformed to yield B(x), which is
rescaled to have an average value of
√
8pip/β to yield a
field that has a pressure that scales with the gas pres-
sure, i.e. to have a spatially uniform β for the initial
field. The value β = 200 is chosen to produce magnetic
fields which agree with typical field measurements from
Faraday rotation measurements (Bonafede et al. 2010)
and simulations (Dolag et al. 1999; Dubois & Teyssier
2008). Recently, Walker et al. (2017, 2018) showed that
simulations with an initial β = 200 from ZML11 provide
the best match to conditions seen in the Perseus Cluster,
further motivating our choice.
2.3.3. Merger Trajectories
In each merger simulation, we set up two clusters cen-
tered within a cubical simulation box of ∼14.29 Mpc on a
side. The boundary conditions of the simulation box are
such that matter may flow into and out of the box. We
find that mass loss through these boundaries is negligible
and does not affect the evolution of our cluster mergers,
which occur in the central ∼(6 Mpc)3 region.
The cluster centers are initialized in the x − y coor-
dinate plane at z = 0, and the initial distance between
them is given by the sum of their respective r200. Vitvit-
ska et al. (2002) demonstrated from cosmological simula-
tions that the average infall velocity for merging clusters
is vin(rvir) = 1.1Vc, where Vc =
√
GM(rvir)/rvir is the
circular velocity at the virial radius rvir for the primary
cluster. For all of our simulations, this is chosen as the
initial relative velocity (vin ≈ 1200 km/s). In addition to
varying the mass ratio between the simulation, we also
vary the impact parameter of each merger simulation be-
tween b = 0 (head-on), 0.3r200, and 0.6r200. In Table
2, we list all of the simulations, referring to the mag-
netized simulations with prefix “MS” and unmagnetized
with prefix “S”.
3. RESULTS
3.1. Slices in Density and Magnetic Field Strength
We first seek to obtain a qualitative picture of how
magnetic fields evolve during the different merger stages.
Figures 1-18 show slices in density and magnetic field
strength perpendicular to the z-axis and through the
merger plane. In addition to these figures, slices of the
temperature and DM density are shown in the Appendix
in Figures 25-42. The evolution of the gas thermodynam-
ical properties within each cluster merger for our simu-
lations is essentially identical to that in the simulations
in Z11, and have also been described in previous binary
merger simulation investigations (e.g. Ricker & Sarazin
2001; Poole et al. 2006). Here, we focus on the evolu-
tion of the magnetic field structures during the merger.
Many of the magnetic field structures we note below were
noticed in similar simulations in Roettiger et al. (1999)
and Takizawa (2008), though we have many more com-
binations of mass ratio and impact parameter than those
earlier works.
For each simulation MS1-MS9, we make slices at 6 dif-
ferent points in time. Time t = 0 Gyr is the initial state,
where the virial radii of both clusters are just touching.
The next epoch is chosen to approximately mark the first
core passage for each simulation. In MS1-MS3, this is at
about t ≈ 1.4 Gyr; in MS4-MS6, t ≈ 1.2 Gyr; in MS7-
MS9, t ≈ 1.1 Gyr. After that, the plotted epochs are t
= 2.0, 3.0, 5.0, and 7.0 Gyr. These epochs are simply
chosen to show relevant epochs from the first two core
passages until late in the simulation.
The equal-mass mergers have a qualitatively different
evolution from the unequal-mass cases, so we will discuss
each of these separately.
3.1.1. Equal-mass Mergers
In the M1/M2 = 1, b = 0 merger (simulation MS1,
Figure 1), the first core passage occurs at about t = 1.4
Gyr. Building up to the core passage, the gas in the
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Fig. 1.— Density slices through the collision axis for the MS1 simulation (M1/M2 = 1, b = 0). The epochs shown are: t = 0, 1.4, 2.0,
3.0, 5.0, and 7.0 Gyr.
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Fig. 2.— Magnetic field strength slices through the collision axis for the MS1 simulation (M1/M2 = 1, b = 0). The epochs shown are: t
= 0, 1.4, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 3.— Density slices through the collision axis for the MS2 simulation (M1/M2 = 1, b = 0.3r200). The epochs shown are: t = 0, 1.4,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 4.— Magnetic field strength slices through the collision axis for the MS2 simulation (M1/M2 = 1, b = 0.3r200). The epochs shown
are: t = 0, 1.4, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 5.— Density slices through the collision axis for the MS3 simulation (M1/M2 = 1, b = 0.6r200). The epochs shown are: t = 0, 1.4,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 6.— Magnetic field strength slices through the collision axis for the MS3 simulation (M1/M2 = 1, b = 0.6r200). The epochs shown
are: t = 0, 1.4, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 7.— Density slices through the collision axis for the MS4 simulation (M1/M2 = 3, b = 0). The epochs shown are: t = 0, 1.2, 2.0,
3.0, 5.0, and 7.0 Gyr.
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Fig. 8.— Magnetic field strength slices through the collision axis for the MS4 simulation (M1/M2 = 3, b = 0). The epochs shown are: t
= 0, 1.2, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 9.— Density slices through the collision axis for the MS5 simulation (M1/M2 = 3, b = 0.3r200). The epochs shown are: t = 0, 1.2,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 10.— Magnetic field strength slices through the collision axis for the MS5 simulation (M1/M2 = 3, b = 0.3r200). The epochs shown
are: t = 0, 1.2, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 11.— Density slices through the collision axis for the MS6 simulation (M1/M2 = 3, b = 0.6r200). The epochs shown are: t = 0, 1.2,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 12.— Magnetic field strength slices through the collision axis for the MS6 simulation (M1/M2 = 3, b = 0.6r200). The epochs shown
are: t = 0, 1.2, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 13.— Density slices through the collision axis for the MS7 simulation (M1/M2 = 10, b = 0). The epochs shown are: t = 0, 1.1, 2.0,
3.0, 5.0, and 7.0 Gyr.
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Fig. 14.— Magnetic field strength slices through the collision axis for the MS7 simulation (M1/M2 = 10, b = 0). The epochs shown are:
t = 0, 1.1, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 15.— Density slices through the collision axis for the MS8 simulation (M1/M2 = 10, b = 0.3r200). The epochs shown are: t = 0,
1.1, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 16.— Magnetic field strength slices through the collision axis for the MS8 simulation (M1/M2 = 10, b = 0.3r200). The epochs shown
are: t = 0, 1.1, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 17.— Density slices through the collision axis for the MS9 simulation (M1/M2 = 10, b = 0.6r200). The epochs shown are: t = 0,
1.1, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 18.— Magnetic field strength slices through the collision axis for the MS9 simulation (M1/M2 = 10, b = 0.6r200). The epochs shown
are: t = 0, 1.1, 2.0, 3.0, 5.0, and 7.0 Gyr.
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midplane of the merger becomes shocked and compressed
and forms a flat, “pancake”-like structure perpendicular
to the line of centers between the cluster cores. The com-
pressed gas amplifies the magnetic field in these regions.
The magnetic field strength is also increased behind the
shock fronts as they propagate outward. The DM cores,
unimpeded by ram pressure, pass through and then sub-
sequently oscillate about each other. These rapid and vi-
olent changes in the gravitational potential drag the sur-
rounding gas back and forth, driving smaller shocks and
turbulence. At first, these motions create long, thin, and
laminar strong “filament” structures in the field along
the merger axis with strengths up to ∼10 µG (Figure 2),
but as the gas is violently stirred by the DM cores, a
turbulent magnetic field is generated in the center. Tur-
bulent fields are also generated from the gravitational
infall of the pancake structure into the center.
In the M1/M2 = 1 mergers with nonzero impact pa-
rameter (simulations MS2 and MS3, Figures 3-6), the
gas and DM cores “sideswipe,” ram-pressure stripping
gas through the two cores. Two cold fronts ∼1-2 Mpc
in length emerge from the center at t ∼ 3 Gyr, ex-
panding mostly radially outward from their respective
cores. The magnetic field is stretched and amplified
along these fronts by their associated velocity shears up
to ∼10 µG, which produces the same “filament” struc-
tures in the field as seen in the M1/M2 = 1, b = 0 merger
simulation. These structures are short-lived, however,
as the DM cores undergo their second and third core
passages, driving yet more turbulence. Similar to the
M1/M2 = 1, b = 0 case, long, straight field structures
can persist for longer at larger radii r∼> 1.5 Mpc.
In all of the M1/M2 = 1 simulations, at large radii
(r∼> 1.5 Mpc), long, mostly straight magnetic field lines
are also stretched and amplified between gas which is
moving radially outward, on either side of the cores, and
gas which is falling back into them. These structures,
Mpc in length, persist until the end of each simulation
at t = 10 Gyr, but within r ∼ 1.5 Mpc random turbu-
lent motions have produced a mostly turbulent magnetic
field.
3.1.2. Unequal-mass Mergers
At first core passage in the unequal-mass, b = 0 merg-
ers (simulations MS4 and MS7, Figures 7, 8, 13, and 14),
the core of the secondary punches through that of the
primary, completely disrupting it. At the same time, gas
is ram-pressure stripped from the secondary and mixed
in with the primary’s gas via Kelvin-Helmholtz insta-
bilities. Roughly 2 Gyr after the first core passage (t
= 3.0 Gyr), the remaining core gas from the secondary
(and its DM core as well) begin to fall back into the sec-
ondary, forming a cold inflow of gas that is shock-heated
as it enters the core region. As the secondary cluster
passes through the primary and returns back, it stretches
the magnetic field behind it via shear amplification into
similar filament features. As both gas from the primary
and the stripped gas from the secondary start to fall
back onto the oscillating cores, the magnetic field lines
wrap inwards. These magnetic field structures are ini-
tially fairly laminar, but quickly become tangled within
the core region due to Kelvin-Helmholtz instabilities and
turbulence.
In the non-zero impact parameter, unequal mass cases
(simulations MS5, MS6, MS8, and MS9), the primary
cluster core produces sloshing cold fronts, and the sec-
ondary cluster develops a dense, cold, and long (∼ a few
Mpc) plume of gas which trails behind it and is stripped
as it leaves the primary’s core region and later returns,
also producing a cold front (Figures 9, 11, 15, and 17).
Along these cold fronts and plume, the magnetic field
is similarly stretched and amplified as in the equal-mass,
non-zero impact parameter cases (Figures 10, 12, 16, and
18). Because the second core passage occurs much later
in these simulations, these magnetic field structures can
persist for a few Gyr longer than in the other simulations.
3.2. The Evolution of the Magnetic Energy Over Time
Figure 19 shows the evolution of the magnetic energy
within the central V = (8 Mpc)3 in the simulations,
scaled by the value of the magnetic energy at t = 0 Gyr.
This volume is large enough to contain the two clusters
out to their respective r200 initially and their subsequent
evolution. The first and second core passages are marked
in each panel with vertical dashed lines with the same
colors as the lines in the legend.
The stages in the evolution of the magnetic energy
can be explained by reference to the events detailed in
Section 3.1. After a short period of decline as the ini-
tial field relaxes, it increases rapidly in all simulations
at the first core passage due to compression of the gas.
A slower increase after the core passage occurs due to
stretching of the field lines due to shear motions, which
are more significant for larger impact parameters. Af-
ter this, the magnetic energy increase flattens out, as
the cluster cores move away from each other and the gas
re-expands. Another increase occurs at the second core
passage, with more gas compression and stretching of
field lines. Throughout the period between the first and
second core passages, additional energy is transferred to
the magnetic field through the stretching of field lines
from turbulence. The increase in the magnetic energy
is less significant in simulations with smaller subclusters,
but for a given mass ratio it is more significant for larger
impact parameters, as the shearing motions generated af-
ter the first core passage strongly amplify the magnetic
field.
At the end of every simulation, the magnetic energy
gradually decreases, as the magnitude of the compres-
sion and stretching diminishes. We have verified that a
negligible amount of magnetic energy is being advected
through the boundaries of our V = (8 Mpc)3 volume,
thus the main reasons for the decrease in the magnetic
energy after the second core passage are the expansion
of the core due to the increase of its entropy (see Sec-
tion 3.3) and the relaxation of the magnetic tension in
the turbulent field. This late-time decrease in magnetic
field strength appears to be in conflict with the results
of previous simulations of cluster mergers (idealized or
cosmological) with magnetic fields, where the magnetic
field increases continuously and gradually without de-
creasing (e.g. Dolag et al. 2002; Xu et al. 2009; Marinacci
et al. 2015; Vazza et al. 2018; Domı´nguez-Ferna´ndez et
al. 2019). Needless to say, our binary merger simulations
are very different in the respect that only one merger
between two clusters is happening, whereas in cosmolog-
ical simulations there is constant merging and accretion
of material. Sustaining such an increase in the magnetic
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Fig. 19.— Magnetic energy vs. time for all the simulations within the central volume of V = (8 Mpc)3, scaled by the value at t = 0 Gyr.
Left panels: M1/M2 = 1 simulations. Red corresponds to b = 0, blue to b = 0.3r200, and green to b = 0.6r200. Center: M1/M2 = 3
simulations. Right: M1/M2 = 10 simulations. The vertical dashed lines correspond to the first and second perigee passages for each
merger, and have the same colors as the simulations listed in the legend.
energy requires a setting where the drivers of turbulent
and compressive motions are being constantly replen-
ished (Subramanian et al. 2006). Our simulations also
lack radiative cooling, which would compress the core
gas and amplify the field in these regions after the effects
of the merger subside. In Roettiger et al. (1999), an-
other work involving idealized mergers such as ours, the
magnetic field does increase for 5 Gyr after the first core
passage, but the low spatial resolution in that work may
have prevented the gas mixing that drives the expansion
of the core gas and hence decreases the magnetic field in
the core (see their Figure 5 and Section 3.3 of this work).
3.3. Radial Profiles of the Final State
By the end of each simulation (t = 10 Gyr), the clusters
have fully merged and are nearly relaxed. It is instructive
to examine radial profiles of the gas properties. For our
purposes, the most relevant quantities to examine are
those related to the velocity and magnetic fields, as well
as the gas entropy. The radial profiles are taken in radial
bins centered on the cluster potential minimum.
3.3.1. Radial Profiles of Velocity Fields
The local velocity dispersion is a measurement of the
turbulent kinetic energy:
σ2v = 〈v2〉 − 〈v〉2 (21)
We want to compare the relative contributions to the
energy from the internal (IE), kinetic (KE), and magnetic
(ME) energies, so we also compute profiles of the sound
and Alfve´n speeds:
c2s =
γP
ρ
(22)
v2A=
〈B2〉
4piρ
, (23)
where γ = 5/3. These are the characteristic speeds for
the internal and magnetic energies, respectively. Taking
ratios of these squared velocities essentially yields the
ratios between these different forms of energy:
σ2v
c2s
=Mturb2 = σ
2
v
γP/ρ
=
ρσ2v/2
γ(γ − 1)ρ ∼
KE
IE
(24)
σ2v
v2A
=MA,turb2 = σ
2
v
〈B2〉/4piρ =
ρσ2v/2
〈B2〉/8pi =
KE
ME
(25)
where Mturb MA,turb are the Mach and Alfve´nic Mach
numbers of the turbulent gas motions, respectively.
These ratios quantify the physical relevance of one type
of energy to another.
Figures 20 and 21 show profiles of these ratios at
the final state of all of our simulations. First, Figure
20 shows profiles of σ2v/v
2
A. Within the core region of
r ∼ 100 − 300 kpc, this ratio is generally on the or-
der of σ2v/v
2
A ∼ 10 − 100. In the equal mass mergers,
increasing impact parameter has only a mild effect on
this ratio, since each case is exceptionally turbulent. In
the equal-mass, zero-impact parameter case, given the
symmetry of the simulation, the gas components of two
clusters do not significantly penetrate one anothers’ at-
mospheres but instead “stick together”. Hence, there is
not nearly as much shear amplification in this case, and
the magnetic field is weaker in the center than in the
equal-mass, off-center collisions. In the high mass ratio
mergers, there is a mild trend towards higher ratios of
σ2v/v
2
A with increasing impact parameter, since in those
cases, turbulence has gone more into heating the core and
expanding it (thus lowering the magnetic field strength)
than into amplifying and stretching the magnetic field.
For example, in MS9, the magnetic field has only been
mildly amplified by turbulence since the subcluster is
small and passes by at a large distance. Though there
is still turbulence in the core, it transfers little energy to
the magnetic field. This result is consistent with that of
Section 3.2.
Beyond the core, this ratio is closer to ∼10 or even
lower, with the magnetic energy more comparable to the
kinetic energy, but still lower. It should be noted again
that our idealized simulations began with no turbulent
velocities but with a turbulent magnetic field, highlight-
ing the efficiency with which the bulk motion of the
merger is converted into turbulent motion and the rela-
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tive inefficiency with which that energy is transferred to
the magnetic field (see also Miniati & Beresnyak 2015;
Vazza et al. 2018).
Figure 21 shows profiles of σ2v/c
2
s for the magnetized
and unmagnetized simulations. In all cases, there are
only modest differences in the turbulent kinetic energy
profiles between the magnetized and unmagnetized sim-
ulations, again consistent with the results of Section 3.2.
3.3.2. Radial Profiles of Entropy
Z11 showed that turbulent mixing from cluster merg-
ers can increase the entropy of the core region substan-
tially for a range of mass ratios and impact parameters.
Magnetic fields are capable of preventing this mixing if
they are strong enough (see Figure 24 of ZML11 for an
illustration of this effect in a sloshing cluster core). If
this effect is strong, we expect the core entropies in the
magnetic simulations to be significantly lower than their
unmagnetized counterparts.
Figure 22 shows the entropy profiles for the magnetized
and unmagnetized simulations. In each case, the magne-
tized simulations have slightly lower core entropies than
the corresponding unmagnetized simulations in most
cases, but this effect is very modest. Given that our
previous results have shown that the magnetic field has
little effect on the turbulent velocities in our merger sim-
ulations compared to their unmagnetized versions from
Z11, this should come as no surprise. As was seen in Z11,
higher levels of core entropy tend to be correlated with
higher turbulence in the core region, as seen in Figure
21.
3.3.3. Radial Profiles of Magnetic Field Strength
Figure 23, shows the magnetic field strength at the ini-
tial and final states of each simulation. Within the inner
region where the entropy is constant with radius (Figure
22), the magnetic field strength is an order of magnitude
or more weaker than that in the initial condition. In
these regions, turbulent mixing has lowered the gas den-
sity considerably, flattening the core (see Figure 15 from
Z11), and due to the effect of flux freezing this causes
the magnetic energy to decrease. In the large mass ratio,
large impact parameter simulations, the magnetic field
strength decreases steeply towards the center of the clus-
ter, because there is not enough turbulence to mix the
gas and produce large isentropic cores, and not enough
of this energy goes into amplifying the magnetic field in
these regions. Outside of the core regions, the magnetic
field strength has instead increased, with larger values for
smaller mass ratios/larger secondary clusters and larger
impact parameters.
3.3.4. Radial Profiles of Velocity and Magnetic Field
Anisotropy
Lastly, we examine the anisotropy of the velocity and
magnetic fields at the final state. To do this, we employ
a common paramerization for the anisotropy in spherical
coordinates:
βv = 1− σ
2
vt
2σ2vr
(26)
βB = 1− σ
2
Bt
2σ2Br
(27)
where σ2vr and σ
2
Br are the variances of the radial com-
ponents of the velocity and magnetic fields, respectively,
and σ2vt = σ
2
vθ+σ
2
vφ and σ
2
Bt = σ
2
Bθ+σ
2
Bφ are the same for
the tangential components. With this parameterization,
perfect isotropy of a vector field is β = 0, preferentially
radial vectors have 1 ≥ β > 0, and preferentially tangen-
tial vectors have β < 0.
Figure 24 shows the velocity and magnetic field
anisotropy radial profiles for the final state. In the core
regions, both the velocity and magnetic field anisotropies
are very nearly isotropic or mildly radially anisotropic. In
these regions, the cores are isentropic and not stratified,
and thus bouyancy effects do not prevent the radial gas
motions from becoming as large as the tangential ones.
The b = 0 simulations (MS1, MS4, MS7) have more ra-
dial anisotropy (β > 0) within and outside of this core
region due to the fact that merger proceeds along an en-
tirely radial trajectory. The magnetic field strength is
less radially anisotropic than the velocity, however.
Conversely, there is a considerable amount of tangen-
tial anisotropy (β < 0) in both fields in the simulations
with nonzero b. This is most noticeable in the large mass
ratio simulations MS6, MS8, and MS9. There are two
reasons for this effect. These simulations have high an-
gular momentum in the initial merger configuration, and
the resulting tangential gas motions will stretch the mag-
netic field lines in a more tangential direction.
In general, then, cluster mergers produce turbulent
magnetic fields which are either mostly isotropic or have
a tangential bias. Since conductive heat fluxes are par-
allel to magnetic field lines in the ICM due to the previ-
ously mentioned fact that λmfp  ρL, the isotropic and
tangential magnetic fields caused by merger-driven tur-
bulence will more efficiently prevent thermal conduction
from hotter regions in the outer cluster to the core region
in a cool-core cluster than radial fields would (Parrish et
al. 2010; Ruszkowski & Oh 2010). As noted in previ-
ous works, if the thermal conductivity of the ICM par-
allel to magnetic field lines is efficient, cool-core clusters
with positive temperature gradients are susceptible to
the heat-flux buoyancy instability, which can rearrange
magnetic fields tangentially and thereby suppress radial
thermal conduction (Quataert 2008; Parrish & Quataert
2008; Parrish et al. 2009; Bogdanovic´ et al. 2009). On
the other hand, the gas in the outer regions of the cluster
are susceptible to the magnetothermal instability, which
rearranges magnetic fields radially, thereby enhancing ra-
dial thermal conduction (Balbus 2000; Parrish, & Stone
2005, 2007). Subsequent work has shown that even rel-
atively gentle turbulence driven by galaxy motions and
minor mergers can dominate these instabilities and ar-
range the magnetic field more isotropically (Parrish et
al. 2010; Ruszkowski & Oh 2010; ZuHone et al. 2013a).
Since in our simulations the turbulent velocity disper-
sion dominates over the Alfve´n speed even at late times
(Figure 20), we expect the effect of these instabilities
to be swamped by the merger-driven turbulence, though
simulations similar to ours including anisotropic thermal
conduction would be required to verify this.
4. CONCLUSIONS
In this work, we have analyzed a parameter space over
mass ratio and impact parameter of idealized binary clus-
17
102 103
r [kpc]
100
101
102
103
104
2 v/
v2 A
MS1
MS2
MS3
102 103
r [kpc]
100
101
102
103
104
2 v/
v2 A
MS4
MS5
MS6
102 103
r [kpc]
100
101
102
103
104
2 v/
v2 A
MS7
MS8
MS9
Fig. 20.— Radial profiles of σ2v/v
2
A. Left: Profiles for the M1/M2 = 1 simulations. Red corresponds to b = 0, blue to b = 0.3r200, and
green to b = 0.6r200. Center: Profiles for M1/M2 = 3. Right: Profiles for M1/M2 = 10.
102 103
r [kpc]
10 3
10 2
10 1
100
2 v/
c2 s
MS1
MS2
MS3
S1
S2
S3
102 103
r [kpc]
10 3
10 2
10 1
100
2 v/
c2 s
MS4
MS5
MS6
S4
S5
S6
102 103
r [kpc]
10 3
10 2
10 1
100
2 v/
c2 s
MS7
MS8
MS9
S7
S8
S9
Fig. 21.— Radial profiles of σ2v/c
2
s. Left: Profiles for the M1/M2 = 1 simulations. Solid lines are magnetized simulations, dashed are
unmagnetized. Red corresponds to b = 0, blue to b = 0.3r200, and green to b = 0.6r200. Center: Profiles for M1/M2 = 3. Right: Profiles
for M1/M2 = 10.
102 103
r [kpc]
102
103
S 
[k
eV
cm
2 ]
MS1
MS2
MS3
Initial
S1
S2
S3
102 103
r [kpc]
102
103
S 
[k
eV
cm
2 ]
MS4
MS5
MS6
Initial
S4
S5
S6
102 103
r [kpc]
102
103
S 
[k
eV
cm
2 ]
MS7
MS8
MS9
Initial
S7
S8
S9
Fig. 22.— Radial profiles of entropy S. Left: Profiles for the M1/M2 = 1 simulations. Solid lines are magnetized simulations, dashed are
unmagnetized. Red corresponds to b = 0, blue to b = 0.3r200, and green to b = 0.6r200. Center: Profiles for M1/M2 = 3. Right: Profiles
for M1/M2 = 10.
18
102 103
r [kpc]
10 1
100
101
M
ag
ne
tic
 F
ie
ld
 S
tre
ng
th
 [
G]
MS1
MS2
MS3
Initial
102 103
r [kpc]
10 1
100
101
M
ag
ne
tic
 F
ie
ld
 S
tre
ng
th
 [
G]
MS4
MS5
MS6
Initial
102 103
r [kpc]
10 1
100
101
M
ag
ne
tic
 F
ie
ld
 S
tre
ng
th
 [
G]
MS7
MS8
MS9
Initial
Fig. 23.— Radial profiles of the magnetic field strength at the initial and final states for all simulations. Left: Profiles for the M1/M2 = 1
simulations. Red corresponds to b = 0, blue to b = 0.3r200, and green to b = 0.6r200. Center: Profiles for M1/M2 = 3. Right: Profiles for
M1/M2 = 10.
102 103
r [kpc]
6
5
4
3
2
1
0
1
v
MS1
MS2
MS3
102 103
r [kpc]
6
5
4
3
2
1
0
1
v
MS4
MS5
MS6
102 103
r [kpc]
6
5
4
3
2
1
0
1
v
MS7
MS8
MS9
102 103
r [kpc]
6
5
4
3
2
1
0
1
B
MS1
MS2
MS3
102 103
r [kpc]
6
5
4
3
2
1
0
1
B
MS4
MS5
MS6
102 103
r [kpc]
6
5
4
3
2
1
0
1
B
MS7
MS8
MS9
Fig. 24.— Radial profiles of the velocity (top panels) and magnetic field (bottom panels) anisotropies at the final state for all simulations.
Left: Profiles for the M1/M2 = 1 simulations. Red corresponds to b = 0, blue to b = 0.3r200, and green to b = 0.6r200. Center: Profiles for
M1/M2 = 3. Right: Profiles for M1/M2 = 10. The horizontal black line at β = 0 indicates perfect isotropy of the given vector field.
19
ter mergers including the effects of magnetic fields. Our
main conclusions are as follows:
• The bulk and turbulent flows created by merging
clusters amplify magnetic fields in distinct ways.
Compression of gas during core passages and be-
hind shock fronts increases the magnetic energy in
the core region overall. Shear flows created shortly
after the first core passage of a merger along cold
fronts and ram-pressure stripped gas amplify and
stretch magnetic field lines, producing long, lami-
nar magnetic structures which can stretch for ∼1-
2 Mpc, which are easier to create and sustain in
off-axis mergers. These structures are transient,
however, and only last for a few Gyr at most, due
to the turbulence driven by the second and follow-
ing core passages. Otherwise, the velocities gen-
erated are turbulent in character, which generate
turbulent magnetic fields.
• The magnetic energy of the clusters increases dur-
ing the first and second core passages. At the first
core passage, the dominant mechanism is the com-
pression of magnetic field lines from the deepening
of the gravitational potential and by shock fronts.
For simulations with a non-zero impact parame-
ter, shearing motions also increase the magnetic
energy after this time. At later times, the dom-
inant mechanism of amplification is stretching of
magnetic fields by shear motions and turbulence.
At the end of each simulation, as the merger rem-
nant relaxes, the magnetic energy of the cluster
gradually decreases. In general, simulations with
smaller subclusters (increased mass ratio) gener-
ate less compressive motions and turbulence, and
hence generate less amplification of the magnetic
field, but simulations with larger impact parame-
ters for a given mass ratio generate more magnetic
energy via shearing motions.
• At the final merged state of each simulation, the
turbulent kinetic energy in the core region is ∼1-
3 orders of magnitude higher than the magnetic
energy, but only a factor of 10 or less higher outside
the core region. The ratio between these quantities
is largest in simulations with high mass ratio and
impact parameter, since these cores have been less
affected by strong turbulence and hence have less
amplification of the magnetic field.
• The turbulent velocity dispersion of the gas in the
cluster is very similiar in both merger simulations
which include a magnetic field and those which do
not. Due to this fairly insignificant effect of the
magnetic field on the turbulent motions in the clus-
ter, the final core entropies in each merger with
magnetic fields included are nearly indistinguish-
able from those in the unmagnetized simulations.
• In the absence of radiative processes, the turbulent-
driven mixing which increases the entropy of the
core also decreases the density in the core region
substantially. Since the magnetic field is frozen into
the fluid, the average magnetic field strength also
decreases substantially in the core region. Outside
of the core region, the magnetic field of the final
merger remnant is increased over the initial value.
In the core region, the velocity and magnetic fields
are very nearly isotropic, but outside of the cores
these fields can become preferentially radial in on-
axis mergers or preferentially tangential in off-axis
mergers.
These results confirm in detail the fact stated simply at
the outset: magnetic fields are generally not dynamically
significant in the ICM of merging clusters of galaxies.
The compressive and stretching actions on the magnetic
field driven by the merger, though they do increase the
magnetic field strength, do not increase it to the extent
that it has a significant effect on the kinematic or ther-
modynamic properties of the merger remnant. This is in
some contrast to the results of ZML11, who found that
magnetic fields can have a dynamically significant effect
on the cluster core in a relatively relaxed system with
sloshing gas motions. However, the gas in those simu-
lations was comparatively “gently stirred” by a gasless
subcluster, and the typical turbulent velocities which re-
sulted are much slower than encountered in these simula-
tions, and thus comparable to the Alfve´n velocity of the
magnetic field. It is important to note that this conclu-
sion holds on average in the bulk of the ICM–at regions
where strong shear flows exist such as cold fronts, mag-
netic fields are still amplified to dynamically significant
strengths (β ∼ 3-10, ZML11).
Our binary merger simulations highlight the impor-
tance of gas compression, shear motions, and turbulence
in amplifying the magnetic field during the most violent
stages of cluster mergers. However, unlike what has been
observed in cosmological simulations of cluster forma-
tion, during the period of relaxation after the formation
of the merger remnant the magnetic energy decreases.
This is likely due to a combination of the lack of radiative
cooling in our simulations and the fact that real clusters
undergo multiple mergers and are continuously stirred by
substructure. Supporting this conclusion, Subramanian
et al. (2006) argued that after a major merger the mag-
netic field would decay after the turbulence which drives
its further growth had diminished, which is exactly what
is seen in Figure 19.
This investigation leaves room for further study. In
the absence of a high angular-resolution X-ray obser-
vatory equipped with a microcalorimeter which can di-
rectly measure gas motions, a number of studies have
used Chandra observations of surface brightness fluctua-
tions in the ICM to indirectly probe the power spectrum
of turbulent gas motions over a large range of scales (e.g.
Zhuravleva et al. 2015; Churazov et al. 2016; Zhuravleva
et al. 2018). Though this work shows that the effects
of magnetic fields are not dynamically significant in the
ICM during cluster mergers overall, it remains to be seen
if localized field amplification on small scales can have an
effect on the properties of observed X-ray surface bright-
ness fluctuations.
We did not include the effects of viscosity or thermal
conduction in our simulations. As already mentioned,
these processes will be highly anisotropic due to the wide
separation in scales between the Larmor radii and mean
free paths of the electrons and ions. The effects that these
processes will have on the merger-driven gas motions may
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also have a non-negligible effect on the results described
here. This is also left for future work.
Finally, our non-radiative simulations neglect the im-
portant effects of radiative cooling, star formation, and
stellar and AGN feedback. Without radiative cooling,
the mixing of hot and cold gas produces a non-cool-core
cluster as the final merger remnant, and the average mag-
netic field strength in its core region is lower than in the
inital state, since the field is frozen in and the field lines
become more spread apart as the gas becomes more di-
lute. In a real cluster with radiative cooling, the gas
density would increase again and the field would become
stronger. Future work will include the effects of cooling,
star formation, and feedback in idealized cluster mergers
to provide a more complete picture.
This work required the use and integration of a num-
ber of Python software packages for science, including
Matplotlib (Hunter 2007)1, NumPy 2, SciPy 3, and yt
(Turk et al. 2011)4. We are thankful to the developers
of these packages. The authors thank Paul Nulsen and
Grant Tremblay for useful comments. JAZ acknowledges
support through Chandra Award Number G04-15088X
issued by the Chandra X-ray Center, which is operated
by the Smithsonian Astrophysical Observatory for and
on behalf of NASA under contract NAS8-03060. The
numerical simulations were performed using the compu-
tational resources of the Advanced Supercomputing Di-
vision at NASA/Ames Research Center.
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APPENDIX
SUPPLEMENTAL SLICE PLOTS
We include additional slices of temperature and DM density in Figures 25-42, which correspond to the same simu-
lations and epochs as Figures 1-18.
t = 0.0 Gyr t = 1.4 Gyr t = 2.0 Gyr
4 2 0 2 4
x (Mpc)
4
2
0
2
4
y 
(M
pc
)
t = 3.0 Gyr t = 5.0 Gyr t = 7.0 Gyr
100
101
Ga
s T
em
pe
ra
tu
re
 (k
eV
)
Fig. 25.— Temperature slices through the collision axis for the MS1 simulation (M1/M2 = 1, b = 0). The epochs shown are: t = 0, 1.4,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 26.— DM density slices through the collision axis for the MS1 simulation (M1/M2 = 1, b = 0). The epochs shown are: t = 0, 1.4,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 27.— Temperature slices through the collision axis for the MS2 simulation (M1/M2 = 1, b = 0.3r200). The epochs shown are: t =
0, 1.4, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 28.— DM density slices through the collision axis for the MS2 simulation (M1/M2 = 1, b = 0.3r200). The epochs shown are: t = 0,
1.4, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 29.— Temperature slices through the collision axis for the MS3 simulation (M1/M2 = 1, b = 0.6r200). The epochs shown are: t =
0, 1.4, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 30.— DM density slices through the collision axis for the MS3 simulation (M1/M2 = 1, b = 0.6r200). The epochs shown are: t = 0,
1.4, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 31.— Temperature slices through the collision axis for the MS4 simulation (M1/M2 = 3, b = 0). The epochs shown are: t = 0, 1.2,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 32.— DM density slices through the collision axis for the MS4 simulation (M1/M2 = 3, b = 0). The epochs shown are: t = 0, 1.2,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 33.— Temperature slices through the collision axis for the MS5 simulation (M1/M2 = 3, b = 0.3r200). The epochs shown are: t =
0, 1.2, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 34.— DM density slices through the collision axis for the MS5 simulation (M1/M2 = 3, b = 0.3r200). The epochs shown are: t = 0,
1.2, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 35.— Temperature slices through the collision axis for the MS6 simulation (M1/M2 = 3, b = 0.6r200). The epochs shown are: t =
0, 1.2, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 36.— DM density slices through the collision axis for the MS6 simulation (M1/M2 = 3, b = 0.6r200). The epochs shown are: t = 0,
1.2, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 37.— Temperature slices through the collision axis for the MS7 simulation (M1/M2 = 10, b = 0). The epochs shown are: t = 0, 1.1,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 38.— DM density slices through the collision axis for the MS7 simulation (M1/M2 = 10, b = 0). The epochs shown are: t = 0, 1.1,
2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 39.— Temperature slices through the collision axis for the MS8 simulation (M1/M2 = 10, b = 0.3r200). The epochs shown are: t =
0, 1.1, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 40.— DM density slices through the collision axis for the MS8 simulation (M1/M2 = 10, b = 0.3r200). The epochs shown are: t =
0, 1.1, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 41.— Temperature slices through the collision axis for the MS9 simulation (M1/M2 = 10, b = 0.6r200). The epochs shown are: t =
0, 1.1, 2.0, 3.0, 5.0, and 7.0 Gyr.
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Fig. 42.— DM density slices through the collision axis for the MS9 simulation (M1/M2 = 10, b = 0.6r200). The epochs shown are: t =
0, 1.1, 2.0, 3.0, 5.0, and 7.0 Gyr.
